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Abstract
We have measured inclusive data on K+-meson production in pp collisions at COSY
Jülich close to the hyperon production threshold and determined the hyperon-
nucleon invariant mass spectra. The spectra were decomposed into three parts: Λp,
Σ0p and Σ+n. The cross section for the Σ+n channel was found to be much smaller
than a previous measurement in that excess energy region. The data together with
previous results at higher energies are compatible with a phase space dependence.
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1 Introduction
Hyperon–nucleon interaction has been of great interest from both the theo-
retical and experimental perspective. First, its knowledge is important for the
understanding of hypernuclei. This requires the knowledge of the interactions
in particular at small relative energy. Since hyperons are short lived this range
is almost inaccessible by hyperon beams. An alternative is the study of final
state interaction (FSI). In proton-proton interactions one has access to the
reactions
pp→K+Λp (1.1)
pp→K+Σ0p, (1.2)
pp→K+Σ+n. (1.3)
For reactions (1.1) and (1.2) there are several measurements of total cross
sections in the threshold region [1–6]. Direct observation of Λp FSI comes
from the energy dependence of the total cross section in reaction (1.1). This
cross section is enhanced close to threshold with respect to pure phase space
behavior. In contrast, a similar enhancement was not observed in reaction
(1.2), as is discussed in Ref. [7]. Much less is known for reaction (1.3). Two
measurements exist (three points in total) from different groups at COSY
which vastly disagree with each other. COSY-11 [8] measured K+n coinci-
dences while ANKE [6] relied on K+pi+ coincidences with the pion coming
from the decay Σ+ → pi+n. The COSY-11 result indicates an enhancement of
the cross section close to threshold, which might indicate a strong Σ+n FSI.
In this work we use a different method to determine the pp → K+Σ+n cross
section in the threshold region.
The method chosen is based on the detection of the momentum spectrum of
kaons. Then all three reactions contribute. The data can be converted into an
invariant mass spectrum of the hyperon-nucleon system. The low mass part
is due to the K+Λp reaction. Above the ΣN thresholds, 2128.9 MeV for the
Σ+n channel and 2130.9 MeV for the Σ0p channel, the yield is due to all
three channels. We subtract the extrapolated K+Λp cross section from this
yield. The remaining double differential cross section represents the sum of
the reactions pp → K+Σ0p and pp → K+Σ+n. It can be used to deduce the
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sum of total cross sections for these two reactions. Finally, subtracting the
well known total cross section for pp → K+Σ0p yields the total cross section
for pp→ K+Σ+n.
2 Experiment and Results
The experiment was performed at the COSY accelerator making use of the
Big Karl magnetic spectrograph [9, 10]. The tracks of charged kaons were
measured under zero degree in the focal plane by stacks of multi-wire drift
chambers. Particle identification was performed by time of flight measurement
with scintillator walls following the drift chambers. Between these two detector
arrangements we employed two threshold Cherenkov counters to veto events
from pions [11]. Kaon decay along the flight path was calculated with the
CERN routine Turtle [12]. Finally, the count rates were converted into cross
sections by making use of the measured incident beam intensity and target
thickness [13]. The experiments were performed at two beam momenta close
to each other: 2.735 GeV/c and 2.870 GeV/c or kinetic energies of 1953.2 MeV
and 2081.2 MeV, respectively. These correspond to excess energies of 133.2
MeV and 177.6 MeV for reaction (1.1), 58.2 MeV and 102.6 MeV for reaction
(1.3) and 56.3 MeV and 100.73 MeV for reaction (1.2). Further details can be
found in Ref. [14].
Settings of the magnetic fields in the spectrograph were done in such a way
that for the lower beam momentum only the region below the ΣN threshold
was measured while at the higher beam momentum the threshold region and
above was measured. The data at the higher beam momentum are shown in
Fig. 1. Their origin will be be studied in more detail. We can express the cross
section of the Λp interaction as:
d2σlab
dΩKdmΛp
= Φ3|A|
2 (2.4)
for a spin averaged final state. Here A is the amplitude which is given by [15]
|A|2 = |M |2
q2 + β2
q2 + α2
. (2.5)
M is the production amplitude and the fraction is the final state interaction
(FSI ) enhancement, which is parameterized in terms of the Bargman potential
parameters α and β, which can be transformed into scattering length and
effective range. With q the internal momentum in the Λp system and with Φ3
the three body phase space distribution normalized to the incident flux are
denoted. More details can be found in [16]. The spectrum at the lower beam
momentum was then used to deduce the effective range parameters of the
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Fig. 1. Invariant mass spectrum of the hyperon-nucleon system for the incident
beam momentum of 2870 MeV/c. The solid curve is the combined fit for the three
reactions pp → K+Λp, pp → K+Σ0p and pp → K+Σ+n. The dashed curve is the
extrapolation of the FSI enhancement for the pp→ Λp reaction assuming a constant
production matrix element. The separate contributions to the three different reac-
tions are also shown. For all calculations a Gaussian smoothing with σ =0.84 MeV
was applied. In addition a Breit Wigner distribution is fitted to the cusp at the Σ
threshold. The insert shows the full inclusive kaon spectrum (solid curve) and the
pp→ K+Λp contribution (dashed curve). The range of the present measurement is
also indicated.
Λp interaction [14]. A three-parameter fit with spin-averaged effective range
parameters yielded a good description of the missing mass spectrum below
the ΣN thresholds. The deduced FSI parameters were then applied also to
the data taken at the higher beam momentum. The resulting curve is shown
together with the data in Fig. 1. It is extrapolated into the region above the
Σ+n threshold. A resonance like structure, which was also seen in exclusive
Λp interaction following kaon absorption on the deuteron [17] was taken into
account by replacing |M |2 by |M |2 + BW with BW = AΓ2/(Gamma2 +
(minv − m0)
2) a Breit Wigner distribution. The fit parameters are for the
amplitude A = 57.5± 7.0 nb/MeV/c2 sr, m0 = 2.1294± 0.0004 GeV and Γ =
0.0030±0.0005GeV for the case with smearing. When fitting without smearing
the parameters change to A = 69.4±8.9 nb/MeV/c2 sr, m0 = 2.12934±0.0003
GeV and Γ = 0.0031± 0.0005 GeV. However, a deeper discussion of this peak
it is beyond the scope of the present letter, we plan to study this cusp in more
detail in a separate paper.
In order to study whether this extrapolation is a valid procedure we performed
several tests. First we transform the double differential cross section (2.4) from
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Fig. 2. Comparison of exclusive differential cross sections for pp→ K+Λp production
with calculations using Eq. (2.6) for beam momenta in the vicinity of the present
ones. Data are from Refs. [5, 18, 19].
the laboratory system into the center of mass (c.m.) system and integrate over
the full solid angle. This gives
dσ
dmΛp
=
1
8(2pi)3
p∗Kq
p∗ps
|A|2 (2.6)
for the differential cross section. Quantities with an asterisk are in the c.m.
system and s is the total energy squared. We then compare the prediction of
Eq. (2.6) with exclusive data (cf. Fig. 2). These were obtained by the TOF
Collaboration [5, 18, 19] at beam momenta close to the present ones. The cal-
culations contain only theFSI parameters and the quoted total cross sections
as input. There are no individually adjusted parameters. Apart from the FSI
enhancement near the Λp threshold there is good agreement between data and
calculations.
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We now study how valid is the procedure of integrating over 4pi. The validity
requires isotropy of the kaon angular distribution. The partial wave analysis
discussed further down indicates that the kaon is in a s wave relative to the
two baryon system. Moreover, Hogan et al. [20] state, when inspecting their
kaon angular distributions in the c.m. system, that "there does not seem to be
any anisotropy". Their data span proton energies from 2.5 GeV to 3.0 GeV.
More recent data from TOF [21] taken at energies closer to energies employed
in the present experiment (2.157 GeV to 2.396 GeV), show a similar behavior,
and thus the total cross sections can be described as phase space times a
FSI . Since our data are taken at smaller energies we add a 10% systematical
uncertainty.
Equation (2.6) can easily be integrated over the kinematical range yielding the
total cross section. This implies of course that no orbital angular momentum is
between the three particles, which is fulfilled close to threshold. We will discuss
this assumption further down. The deduced values are shown in Fig. 3. The
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Fig. 3. Excitation function for the indicated reaction. The data shown by dots are
direct measurements from Refs. [1–6, 23] and the very recent data from [22]. The
presently deduced total cross sections are shown by squares. The individual contri-
butions of the partial waves Ss (dashed curve) and Ps as well as their sum (solid
curve) are also shown.
obtained total cross sections for the Λp channel are in good agreement with
the world data [1–6, 22, 23].
Finally we give up the assumption of a constant average matrix element M .
We apply the same procedure as in Ref. [24]. Again only three transitions were
considered: 3P0 →
1S0s0,
1S0 →
3P0s0 and
3P0,1,2 →
3P0,1,2p0,1,2. Here we have
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applied the common spectroscopic notation 2S+1LjlJ with S and j denoting the
spin and total angular momentum in the final Λp system, respectively, and J
the total angular momentum. The capital symbol in the final state denotes the
angular momentum between the two baryons and the small one the angular
momentum of the kaon against this system. For Ss again FSI was applied.
In fitting the normalization constants it was found that two final states are
sufficient to account for the data: Ss and Ps. The resulting contributions for
these two partial waves are shown in Fig. 3. As expected the Ss contribution
dominates at small energies. For the two beam momenta the fraction of Ps is
17.2% and 21.3%. In summary we find that the procedure applied is a sound
method.
We proceed and subtract the extrapolated pp→ K+Λp cross section from the
data in order to get the contribution from the reactions pp → K+Σ+n and
pp→ K+Σ0p. The cross section for the latter is obtained in the following way.
We compile the world data for this reaction. This is shown in Fig. 4. We then
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Fig. 4. Total cross sections for the indicated reaction as function of the excess energy
ǫ. The data shown as dots are from COSY-11 [1, 2] and those shown as squares are
older measurements compiled in [23]. The solid curve is a fit to the data, the dashed
curve represents behavior of phase space. The deduced cross section for the two
present excess energies are shown as open symbols.
fit a smooth curve to the data and compare this result to the expectation for a
uniform population of phase space. From this fit we extract the cross section for
the two beam energies. The two points obtained by this method are also shown
in Fig. 4. It is obvious that at the present excess energies one cannot distinguish
between the pure phase space behavior and a smooth fit connecting the low
energy data points with those at much higher excess energies. The double
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differential cross sections were then calculated from the total cross sections
by again making use of Eqs. (2.4) and (2.6) but without FSI enhancement.
The obtained pp → K+Σ0p cross section is shown in Fig. 1 on top of the
extrapolated pp → K+Λp cross section. This sum is then subtracted from
the data yielding the pp → K+Σ+n cross section. The total sum of all three
reaction cross sections is also shown in Fig. 1. The same procedure as before
is then applied to get the total cross section for the reaction pp → K+Σ+n.
The resulting total cross section is listed in Table 1 and shown in Fig. 5.
The error is estimated using the covariance matrix of the nonlinear least square
fit. A possible systematic error of neglecting higher partial waves of 10% is
assumed.
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Fig. 5. The pp → K+Σ+n total cross section. The present result is shown as a full
dot. The error bar contains also the absolute normalization uncertainty added in
quadrature. The COSY-11 data [8] are shown as squares, the ANKE data point as a
full diamond [6]. Cross section values reported by Sibirtsev et al. [25] are shown as
triangles. The solid curve is the phase space dependence normalized to the present
data.
The present cross section is more than an order of magnitude smaller than
the COSY-11 data and is slightly larger than the ANKE point. Sibirtsev et
al. [25] performed a similar analysis to extract the cross section from higher
energy inclusive kaon spectra. These results are also shown. We also indicate
the energy dependence of the phase space normalized to the present point. Ob-
viously even the high energy data follow the phase space dependence without
needing to change the normalization constant.
Finally we compare the present data on inclusive kaon production in pp in-
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Table 1
Total cross sections for the reactions pp → K+Λp and pp → K+Σ+n deduced
from the missing mass spectrum shown in Fig. 1 via the method described in the
text. The total cross section for the K+Λp reaction at the lower beam momentum
is deduced in a similar way from the data from Ref. [14]. The total cross sections
for the reaction pp→ K+Σ0p are deduced from the world data set shown in Fig. 3.
The indicated error of the pp→ K+Σ+n cross section represents the statistical plus
systematical error. In addition there is a 10% overall error due to the uncertainty
in the luminosity calibration for the pp→ K+Λp and pp→ K+Σ+n reactions. The
cross section for pp→ K+Λp may have another systematical uncertainty of 10% due
to a possible anisotropy of the kaon angular distribution.
beam momentum Λp Σ+n Σ0p
(MeV/c) ǫ (MeV) σ (µb) ǫ (MeV) σ (µb) ǫ (MeV) σ (µb)
2735 133.2 14.5±1.3 58.2 - 56.3 0.46±0.03
2870 177.6 21.4±2.0 102.6 7.5±1.2 100.7 1.48±0.09
teractions with other data close to threshold [6, 20, 26]. In Fig. 6 we show the
double differential cross sections as a function of the laboratory momentum
of the detected kaon. The present data and those from [26] cover a limited
range of kaon momenta, but they are rather densely spaced. The latter were
transformed by us from invariant mass spectrum to kaon momentum spec-
trum. Those from [20] cover a larger momentum range but are less densely
spaced. The data from [6] are measured at rather low kaon momenta. All data
are compared with fits of pp → K+Λp cross sections with and without FSI .
In all cases the FSI parameters of [14] were applied. The matrix elements were
adjusted to fit the region below the Σ production thresholds. For the data
from [6] we interpolate the production matrix element. Since for the small-
est kaon momenta the difference between the calculations for K+Λp with FSI
and without FSI are minimal, FSI parameters cannot be extracted from such
a measurement. Furthermore very high resolution is required to see there the
onset of Σ production. For Σ production we used for the present data the
matrix elements from the present analysis, for those of Refs. [20, 26] we used
the result from [25]. For the data of [6], the total cross section for the sum of
the reactions pp→ Σ0p and pp→ Σ+n is about 9 µb.
3 Summary
We have measured inclusive kaon spectra at forward angles around θ = 0◦ with
an missing mass resolution of σ = 0.84 MeV for two beam momenta close to
threshold. The data at the higher beam energy extend into the range of Σ
production. The quality of the data allowed us to subtract cross sections for
reaction (1.1) from the measured cross sections yielding the cross sections for
9
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Fig. 6. Double differential kaon production cross sections vs. kaon lab momentum
pK close to threshold. The data (dots) are the present results (HIRES), from [6]
(ANKE), [26] (SPES4), and [20] (PPA). The adjusted cross sections for K+Λp with
FSI are shown as dotted curves, those ignoring FSI as dashed curves. The solid curve
is the sum of K+Λp including FSI and K+ΣN .
the ΣN channels. The data close to threshold allow only for a very small FSI
for ΣN . Total cross sections for these channels were obtained by integrating
over the phase space volume. Using a parametrization of the Σ0p channel cross
sections the Σ+n cross section is deduced. The phase space factor between
these two reactions is five. A larger cross section for the charged Σ is expected
due to isospin considerations. The present result is slightly larger than the
finding of ANKE but is lower by more than one order of magnitude than the
COSY-11 data.
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Note added in proof
After finalizing the present study we became aware that the ANKE
Collaboration has performed further measurements of the K+Σ+n
system closer to threshold (Phys. Rev. C 81 (2010) 045208).
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